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I. INTRODUCTION

This documentis thefinal reportsummarizingtheresultsof NASA GrantNCC 2-883to
TennesseeStateUniversity, which beganOctober 1, 1994 and endedSeptember30, 1996.
Section II briefly summarizesthe objectives of the project, Section III describes the
accomplishmentsof the project, andSectionIV lists the paperspublishedandthepresentations
givenunderNCC 2-883.
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II. RESEARCHOBJECTIVES

Thisresearchprogramin artificial intelligence(AI) schedulingof automatictelescopeshad
the following objectives:

1.To field test the 1993 Automatic Telescope Instruction Set (ATIS93) programming language,

which was specifically developed to allow real-time control of an automatic telescope via an

artificial intelligence scheduler running on a remote computer.

2. To develop and test the procedures for two-way communication between a telescope

controller and remote scheduler via the Internet.

3. To test various concepts in AI scheduling being developed at NASA Ames Research Center

on an automatic telescope operated by Tennessee State University at the Fairborn Observatory

site in southern Arizona.

4. To develop a prototype software package, dubbed the Associate Principal Astronomer, for

the efficient scheduling and management of automatic telescopes.



III. RESEARCHACCOMPLISHMENTS

The goalsof this project haveall beenaccomplishedanddocumentedin the literature.
A brief summaryof the activitiesassociatedwith the project is givenbelowwith referencesto
the literatureproduced.

a. Background

Researchquality telescopeslocatedat prime observingsiteshave alwaysbeena scarce
resource,andastronomershavehadto contendwith limited accessto thesetelescopes.Typically,
observingtime is allocatedto an individual astronomera few timesperyear in shortcontiguous
blocks of a few nights each. Furthermore,the astronomerhasneededto bephysically present
atthetelescopein orderto operatehis instrumentationfor dataacquisition.Thus,limited access,
block allocation, and local operationall have restrictedboth the amountof data that canbe
gatheredandthetype of observationalcampaignsthat canbeaccomplished.Thesesamefactors
makeacquisitionof astronomicaldataexpensiveanddifficult to obtainandalsooften limit the
precisionof the resultingdata(Henry 1995a).

More recently, sophisticatednetwork and communicationtechnologieshave enableda
numberof new approacheswhereastronomersmayparticipatein anobservationprogramfrom
aremotelocation. Theseapproachesrangefrom remoteverbalcommunicationswith theon-site
telescopeoperationsstaff to actualremotecontrol of a telescopewith real time video feedback
(Emerson,1993).Suchremoteobservationsprovide flexibility by allowing the observerto be
physicallydistantfrom thetelescopeyet remainin direct control. However,evenin this remote
observingparadigm,the astronomermuststill be involvedduringthe executionof theobserving
program,andhumanpresenceat the observatoryis often still required.

Fully automatictelescopesrepresentan extensionto the remoteobservingparadigm,
allowing an astronomerto be removedfrom the telescopeboth temporallyaswell as spatially.
For example,FairbornObservatory(Arizona) hasdesignedand built softwareand hardware
systemsfor the control of modest-aperturetelescopesequippedwith photoelectricphotometers
to measurestellar brightness(Genet& Hayes 1989). Thesesystemsmake it possiblefor a
remotely locatedtelescopeto operateunattendedfor significantperiods (up to a number of
months). Thesetelescopesexecutecommandsprovidedby anastronomerin sucha way that the
astronomeris not requiredto participatein theexecutionof the observingprogram. It is in this
sensethat thesetelescopesare fully automatic. While the majority of existing ground-based
automatictelescopesareusedfor aperturephotometry,developmenteffortsfor automatedimaging
andspectroscopyhavebeenincreasing(Boyd et al. 1993,Trefferset al. 1995,Eaton 1995).

Astronomersat TennesseeStateUniversity (TSU) operateseveralof theseautomatic
photoelectrictelescopes(APT's) at FairbornObservatoryin supportof long-termobservational
programsthat would be impossibleto accomplishwith traditional manual telescopes(Henry
1995a).These telescopes include (1) a 10-inch telescope dedicated to long-term observations of

semi-regular variable stars in collaboration with the Harvard-Smithsonian Center for Astrophysics

as well as a project in education in collaboration with the TSU Department of Education, (2) a



16-inch telescopededicatedto observationsof chromosphericallyactive (magnetic) stars in
collaborationwith Vanderbilt University, (3) a 30-inch telescopededicatedto lower-main-
sequencestarsin collaborationwith theHarvard-SmithsonianCenterfor Astrophysics,and (4)
a new 32-inch telescopededicatedto solarduplicatestarsin collaborationwith the Centerfor
Astrophysics. In addition to theseexistingtelescopes,a 24-inchautomaticimaging telescope
(AIT) andan 80-inchautomaticspectroscopictelescope(AST) arebeingdeveloped.

TSU astronomershave collaboratedwith Fairborn to develop precision photometers,
software,observingtechniques,and quality control proceduresthat have culminated in the
automatic acquisitionand reductionof high volumes of photometric data of incomparable
precisionand at extremelylow cost(Henry 1995b). The scientificreturn from theseautomatic
telescopeshasbeenprofuse(e.g.,Henry et al. 1995a,Kaye et al. 1995,Cristian et al. 1995,
Henry et al. 1995b,Henry & Newsom1996,Henry et al. 1997).

A languageusedto defineobservationrequestsfor theFairbornAPT's wasdevelopedat
Fairbornin 1989andnamedtheAutomaticTelescopeInstructionSet,or ATIS (Genet& Hayes
1989). This new ATIS languageallowed APT usersto tailor the exact specifics of their
observingprogramsand communicatethem to the telescopesvia ASCII file transfersover
telephonelinesor theInternetandto retrievetheresultingobservationsthenext day. In ATIS,
a groupis theprimitive unit to bescheduledandexecuted.A groupis a sequenceof telescope
commandsandinstrumentcommandscomposedby anastronomerto accomplishtheobservation
of an objectof interest. The group containscommandsto move the telescope,to control the
filters, and to makeintegrationsin a definedsequence.

In additionto specifyingthesyntaxandsemanticsfor observationrequestsandresults,the
ATIS standardprovidesa setof groupselectionrulesthat areusedto determinethe execution
order of groups during the night. The group selectionrules provided by ATIS essentially
implementa first-to-set-in-the-westpolicy: at anygivenpoint in time thetelescopeobservesthe
groupthat will nextmoveout of its observationwindow. By implementinga setof user-input
parametersto define group types,group priorities, probabilitiesof execution,dateand local
siderealtimelimits, numberof observationsrequested,etc.,thisATIS dispatchschedulingmethod
allows APT users to define any desired observation sequence as well as to intersperse standard

star observations and other quality control checks throughout the night and have them all

scheduled automatically.

However, in spite of the revolutionary improvements to the long-term scientific programs

being conducted at Tennessee State University and elsewhere that have resulted from the use of

automatic telescopes running the ATIS control language, the 1989 version of ATIS is not without

its limitations. There is no look-back or look-ahead capability that might help the telescope

decide when to make a given observation, perhaps to fill in a variable star's phase curve

automatically or make an observation that got missed on a previous night. Many situations can

arise, particularly on multi-user telescopes, where more intelligent scheduling is needed than the

simple ATIS default group selection rules can provide in order to help ensure that the highest

priority observations are made at scientifically appropriate times and that all users are treated

fairly in the allocation of telescope time. Also, since ATIS allows access to the telescope only

before the beginning of the night and after the end of the night, no information is available



during thenight aboutthe currentstatusof the observingprogram,thequality of the databeing
obtained,or aboutthe performanceof thetelescopeand detectorthat might allow appropriate
modificationsto the observingprogramin real time. Henry (1996)hasshownthat substantial
gainscouldbe madeoverATIS dispatchschedulingevenfor the caseof an APT dedicatedto
a singlelong-termobservingprogram.

b. TheAPA Project

Severalyears ago, the NASA Ames ResearchCenter initiated a project to develop
artificial intelligenceschedulingtechniquesand apply themto the problemsof schedulingand
managing the operation of automatic telescopeslike the ones being operatedat Fairborn
Observatoryby TennesseeStateUniversity. Up to thattime, automatictelescopes,whethersingle
or multi-user instruments,had beenmanagedby a singlePrincipal Astronomer(PA) whose
responsibilitiesincluded schedulingscientific observationsfrom all userson the telescope,
schedulingandexaminingqualitycontrolobservationsto ensureproperoperationof thecomplete
system,retrieving, reducing,and parsingout the nightly observationsto all observers,and
ensuringfair accessto thetelescopefor all participatingobservers(see.e.g.,Seeds1994). The
Amesproject soughtto simplify the managementof thesetelescopes through the creation of a

software package, later dubbed the Associate Principal Astronomer (APA), containing routines

for automatically receiving observational requests from users, generating the ATIS commands

needed to execute these requests, selecting the appropriate mix of observations to schedule on

each night (the loading process, based on a detailed set of group specification parameters that

define each user's scientific goals), finding a satisfactory, detailed, minute-to-minute schedule for

the night's observations (the scheduling process), downloading this schedule to the remote

telescope's control computer at the beginning of the night, monitoring the schedule during the

night and dynamically rescheduling when appropriate, retrieving the resulting data the following

morning, applying quality control checks to the data and telescope performance, reducing the

data, and parsing and sending each user's data to his home computer.

In 1992, an informal collaboration began that included NASA Ames, Fairborn

Observatory, TSU, and other interested users and builders of APTs. Workshops were held at

Ames and in Phoenix in May and November of that year to address the limitations of the original

ATIS control language, especially those that precluded real-time control by an external scheduler.

By the end of the year, a new group selection advice statement had been developed that had the

capability to override the default ATIS group selection rules in real time through the use of

partial input and output files. This new capability would make it possible to implement a non-

native scheduler that could effectively drive an APT controller to give better schedules than could

the ATIS default rules. A host of other enhancements were developed for a new version of

ATIS, called ATIS93, including a set of commands for making CCD imaging observations. The

ATIS93 specification was published by Boyd et al. (1993) in hopes of its becoming an

international standard language for automatic telescope control.

In 1994 September, Tennessee State University submitted a formal proposal to NASA

Ames entitled "Artificial Intelligence Scheduling of Automated Telescopes" in which they agreed

to make their APTs available for field testing of the Ames AI scheduling techniques and to work

further with Ames to develop the APA project. The proposal was approved (NCC 2-883) in 1995



January. During the courseof theproject,TSU workedwith Ames to developATIS93-based
tools for quality-control monitoring of photometricdata from the APTs, participatedin the
developmentof variousloadingandschedulingtechniquesfor improvingtheperformanceof the
APTs, worked with FairbornObservatoryto developthe ATIS93-basedcontroller that would
interfacewith the APA scheduler,andinstalledanddebuggedthis controlleronTSU's new 32-
inch APT.

Theprojectculminatedin thespringof 1996with severalweeksof real-timescheduling
of the32-inchAPT via anInternetconnectionto a prototypeschedulerrunningat NASA Ames.
Detailsof theworkwerepublishedin the literatureandcanbe foundin Drummondet al. (1994),
Swansonet al. (1994), Bresina(1994), Bresinaet al. (1994), Drummondet al. (1995), and
Edgingtonet al. (1996). The most recentwork on schedulingtechniquesfor the APTs was
summarizedby Bresina(1996)andBresinaet al. (1996).

While NCC 2-883wasin place,theCenterof Excellenceat TSU receivedfunding from
NASA Headquartersto establisha new University ResearchCenter within the Center of
ExcellencecalledtheCenterfor AutomatedSpaceScience(CASS). This enabledTSU to begin
constructionof a new 24-inchautomaticimagingtelescope(AIT) with a CCD detectorandan
80-inch automatedspectroscopictelescope(AST) with a fiber-fed, high-resolution, echelle
spectrographto complementthecapabilitiesof theexistingAPTs. However,theexistingFairborn
Observatorysiteon Mt. Hopkinshadinsufficientroomto accommodatethesenew telescopes,so
Fairbornpurchasedanddevelopedanew siteat the5700-footlevel in thePatagoniaMountains
near WashingtonCamp,Arizona. All existingAPTs were moved to the new site during the
summerof 1996andresumedoperationsin November.A newcomputerwasinstalledat thesite
with thecapability to run the APA directly over a local areanetwork.
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